Microsatellites are commonly used to understand genetic diversity among livestock populations. Nevertheless, most studies have involved the processing of samples in one laboratory or with common standards across laboratories. Our objective was to identify an approach to facilitate the merger of microsatellite data for cross-country comparison of genetic resources when samples were not evaluated in a single laboratory. Eleven microsatellites were included in the analysis of 13 US and 9 Brazilian sheep breeds (N 5 706). A Bayesian approach was selected and evaluated with and without a shared set of samples analyzed by each country. All markers had a posterior probability of greater than 0.5, which was higher than predicted as reasonable by the software used. Sensitivity analysis indicated no difference between results with or without shared samples. Cluster analysis showed breeds to be partitioned by functional groups of hair, meat, or wool types (K 5 7 and 12 of STRUCTURE). Cross-country comparison of hair breeds indicated substantial genetic distances and within breed variability. The selected approach can facilitate the merger and analysis of microsatellite data for cross-country comparison and extend the utility of previously collected molecular markers. In addition, the result of this type of analysis can be used in new and existing conservation programs.
International Society proposed a common set of microsatellite markers for Animal Genetics . Despite the FAO recommendation, the merger of data sets from different countries has been limited (Baumung et al. 2004; Freeman et al. 2006; SanCristobal et al. 2006; Boitard et al. 2010) , and to our knowledge, no sheep data sets have been merged. While these previous efforts made cross-country comparisons, the methodology used was not fully detailed, and there appeared to be opportunities for improvement, such as analysis of samples that were not genotyped in the same laboratory and utilization of allele frequency as a basis for comparison.
Assessment of genetic differences between livestock populations with microsatellites has provided important information on domestication, breed development, and current breed differences across geographic regions (Bruford et al. 2003; Hanotte 2007) . In most of these instances, samples were acquired and analyzed in one laboratory or were used with a class of markers that have a genetic characteristic that permit a straightforward combination (e.g., sequence data). In order to improve the conservation of animal genetics resources, the global community has approved and published a Global Plan of Action for Animal Genetic Resources through FAO (2007) . The Global Plan of Action articulated strategic priority for characterization of genetics resources in a way to optimize the cross-national comparability of data in order to monitor trends and risks to animal genetic resources at regional and global levels (FAO 2007) .
To date, some of the issues surrounding the merger of data sets from different laboratories/teams include the utilization of different analytical platforms, genotyping (binning) methods, and size standards to estimate allele calls. Some laboratories with formal linkages make use of control samples to validate data sets. However, such associations exclude the growing number of laboratories performing molecular genetic analysis across a variety of platforms. In addition, much of the validation of data sets is based on base-pair size matching criterion alone (Amos et al. 2007; Morin et al. 2009 ). Appropriate tools to accomplish the merging task with sufficient accuracy and precision to enable robust conclusions are needed. There are some approaches that have been proposed to accomplish the task of merging microsatellite data (Freeman et al. 2006; Presson et al. 2006 Presson et al. , 2008 . The Presson et al. (2006 Presson et al. ( , 2008 approach, which we ultimately used, consists of a Bayesian model and Markov chain Monte Carlo (MCMC) algorithm for sampling the posterior distribution under the conditions of the model. An output and measure of how successfully 2 independent measures of the same locus have been merged is the resultant posterior probability. That is, the posterior probability provides insight as to the confidence in the merged data, which the user can determine if the merged results are acceptable. To date, such an approach has not been fully utilized in livestock genetic diversity studies but is needed given the variety of laboratories that have collected microsatellite data and wish to make full use of this type of data.
The national animal genetics resources conservation programs in Brazil and in the United States wanted to determine the similarities and differences in a number of their sheep populations. Both countries have collected substantial numbers of animals and breeds for independent analysis of within country genetic diversity (Paiva et al. 2006; Blackburn et al. 2011) . It is of benefit for both countries to merge this data and evaluate genetic differences or similarities that may exist. Therefore, the objectives were to test the utility of merging microsatellite data sets for a meta-analysis of genetic diversity found across the 2 countries.
Materials and Methods

Microsatellite Data Sets
US samples were derived from 28 breeds (N 5 674) and genotyped with 28 FAO loci (Blackburn et al. 2011) , and Brazil (BZ) data had 10 breeds (N 5 383) and genotyped by 22 Loci (11 from the FAO panel) (Paiva et al. 2006) , the subset of breeds used in this study are provided in Supplementary Material 1. Both countries data sets were obtained independently by different genotyping platforms with exception of 23 samples from the Brazilian Hampshire that were genotyped by both countries. For the US samples, a commercial company (GeneSeek) constructed the multiplex system, amplified the DNA, and made the allele calls (Blackburn et al. 2011) . Paiva et al. (2006) detailed the collection and genotyping of the Brazilian samples, briefly, genotypes were obtained by capillary electrophoresis on an ABI310 Genetic analyzer (Applied Biosystems, Carlsbad, CA), and genotypes and allele calling were obtained using Gene Scan and Genotyper softwares (Applied Biosystems). It is important to note that Brazil had imported Hampshire in the 1990s from Canada and United States. Eleven markers were common for the US-BZ data set (HUJ616, ILSTS11, ILSTS5, INRA63, MAF214, MAF65, OarAE129, OarFCB20, OarFCB304, OarJMP29, and SRCRSP5) and were used for merging and genetic evaluation.
Merging Procedure
Two software packages were evaluated. The first approach COMBI.PL (Täubert and Bradley 2008) attempts to merge data sets by assigning allele sizes across studies using maximum likelihood estimation. The second, MicroMerge v.2 (Presson et al. 2008) , is based on a Bayesian approach and aligns data sets marker by marker, matching each marker's allele frequencies while preserving size order. Based on the assumptions of both approaches and the structure of the data set, we selected the Bayesian approach contained in MicroMerge v.2. MicroMerge matches allele frequencies between data sets rather than utilizing allele size. This software was run using the following options: the oneto-one alignment format, remerging markers with low posterior probabilities, adjusting the prior on the theoretical allele number, and the genotype error were set from default value (0.02) for the value of 0.06. In addition, alleles with only 1 or 2 reads within a country's data set were deleted. The analysis was accomplished with a burn-in of 5000 iterations and 1 000 000-5 000 000 iterations during the actual merging of data (methods of MCMC). The criterion for acceptance of convergence for the posterior probabilities was considered at 0.6. This value was higher than the MicroMerge default of 0.45.
Population Genetics Analyses
The merged data set consisted of 38 breeds and 1057 animals with genotypes for all 11 selected markers. However, for the purpose of comparison among the countries, a smaller data set for the genetic analyses was selected and comprised of 21 breeds, 12 from United States, and 9 from Brazil (N 5 706). The data set was reduced to eliminate many of the US breeds that are composite populations. The first hypothesis tested with the consolidated data set was to verify the level of genetic structure from both countries analyzed by Structure software (Pritchard et al. 2000) . With this software, the individuals were probabilistically assigned using Bayesian inference to determined populations or grouped to one or more populations. For these estimates, the methods of MCMC were used, calculating for each individual the probability of one specific genotype ''X'' to be part of one given population ''K'' as the natural logarithm: [ln Pr (X|K)]. Those probabilities for K varied from 1 to 21 and were estimated by averaging the results of 3 replicate runs each having 650 000 iterations (MCMC) with an initial burn-in value of 200 000. The repetitions for each K were used to estimate an ad hoc indicator of population number based in the averaged likelihood at each K, called DK (Evanno et al. 2005) . Cluster assignments and their graphical representation were performed using DISTRUCT (Rosenberg 2004) .
A second hypothesis analyzed by structure was verifying the power of microsatellite markers to identify common origins among hair sheep breeds presented in both countries. To corroborate Structure results, principal coordinate analysis was performed with Nei's Genetic distance (Nei 1972) , and estimates between populations were computed with GENALEX 6 software (Peakall and Smouse 2006) . Analysis of molecular variance (AMOVA) was performed with Arlequin software (Excoffier and Lischer 2010) using the codominant allelic distance matrix with 1000 permutations, as an additional test to identify traces of genetic structure in a series of contrasts between all populations studied. Fixation index (F IS ) and basic within genetic diversity coefficients were calculated using FSTAT (Goudet 2002) and Molkin (Gutiérrez et al. 2005) .
Results
Based on the preset convergence criteria, the Bayesian methodology for merging the 2 data sets was successful and appeared robust. For these data sets, posterior probabilities of each locus ranged from 0.6 to 1.0 and from 0.5 to 0.98 with and without the shared samples (Table 1 ). The result of comparing with and without common markers was anticipated; however, the level of agreement was unexpected. The majority of articles for livestock diversity studies there are no common samples. For this reason and to test the robustness of MicroMerge, the 2 markers with posterior probabilities of less than 0.6 (HUJ616 and OarAE129) were discarded, and intra-and intergenetic diversity indices were performed. Within diversity indices between the 2 panels (11 and 9 markers) were very similar (data not shown), and the Mantel test for Nei genetic distances matrices between breeds showed a correlation coefficient of 0.92 (P , 0.000001) for the 2 panels, suggesting that merging could proceed with a relatively small number of microsatellite markers within the predefined convergence criteria.
The number of alleles observed in US breeds was always higher than the Brazilian breeds probably because of the number of breeds and larger sample sizes. After the merging procedure, the number of alleles for the unified matrix of genotypes, as expected, had the tendency to be reduced, except for the markers ILSTS11 and SRCRSP5.
The within genetic diversity among breeds showed that both countries had similar ranges for mean number of alleles and H e (expected heterozygosis); however, Brazilian breeds had high levels of H o (observed heterozygosis) ( Table 2 ). Inbreeding (F IS ) was lowest for the collection of Brazilian breeds, whereas values for some US populations were significantly larger ( Table 2 ). The hair and hair-coarse wooled sheep breeds tended to have higher levels of genetic diversity than wooled breeds, except for Rambouillet and Navajo Churro.
The DK peaked at K 5 2 and had a minor peak at K 5 12 suggesting structural differences for these populations (Evanno et al. 2005) . Based on the DKs, knowledge of breed histories, and inspection of the range of Ks tested, the K values of 2, 7, and 12 were evaluated. When K 5 2, the Brazilian Hampshire and Ile de France were placed in the same cluster as all US breeds (Figure 1 ). This placement suggests that the merging process was successful because both breeds genetic backgrounds/formation involve the same breeds as those found in the US breeds. When K 5 7, it was found that breeds were classified by their commercial function or major phenotype class (e.g., long wool, hair, black face, and meta production) and not just by their country of origin. The K value of 12 showed a more refined substructure of the pattern identified with K 5 7. Of particular interest was the placement of the US and BZ Hampshires and the Dorpers. As expected Hampshires were placed in the same cluster, but unexpectedly, the (Table 2) . A series of AMOVA were performed using 4 different contrasts (Table 3 ). In general, the principal contrast observed (last one) showed 12.84% (P , 0.01) of observed variation, which was explained by differences between breeds that are similar to other literature values (Handley et al. 2007 ). The other contrasts tested were not significant.
Principal coordinate analysis was performed, and the first 3 components accounted for 65% of the observed variation (Figure 2) . It was expected that the hair breeds for both countries would be similar. However, neither the Structure nor principal component analysis supported this assumption. The principal component analysis also indicated that there was substantial variability among the Brazilian hair sheep populations. Of particular interests are: 1) the divergence between the BZ Somali, BZ Dorper, and US Dorper and 2) the proximity of Barbados Blackbelly to the Brazilian hair sheep breeds by the 2 first principal components provides some insight as to the Barbados Blackbelly relationship to other breeds. The principal component analysis also showed the Somali and Brazilian Dorper to be outliers. Given the Somali's use in developing the Dorper and the similar phenotypes across eastern and southern Africa, a closer association was anticipated.
Discussion
The merging procedure made possible an evaluation of US and Brazilian sheep breeds. The close association and similar measures of genetic variability for the Hampshire populations suggest that the merging process was successful and that the differences in genetic variation and genetic similarity were a function of allele frequencies observed and not the merging process.
The higher levels of inbreeding (F IS ) observed in some US breeds could possibly be due to smaller population sizes or a higher level of selection pressure. Across all analysis of AMOVA performed the within populations was the largest and most significant source of variation. These results are similar to a wide range of studies (Handley et al. 2007; Peter et al. 2007; Blackburn et al. 2011 ). Among populations, within groups were also a significant source of variation, although substantially smaller than the within population component. This result suggests that breeds within countries (e.g., hair vs. wool breeds and even rare breeds within country) exhibited distinct genetic variation useful in utilizing these genetic resources as breeders strive to increase productivity and the breeds' competitive advantage.
Several conclusions can be derived when following the STRUCTURE analysis for 2, 7, and 12 clusters. From the perspective of the merging procedure when K equaled 2, the Brazilian Hampshire was placed within the US breeds as was a high proportion of the Ile de France. The similarities of Hampshire from both countries are likely explained by the importation of animals in the 1990s from Canada and United States (ABCOHD 2009) and their common UK origin. For breeds within country, there was agreement with previously published results about the association of breeds within a cluster (Paiva et al. 2006; Blackburn et al. 2011 ). For example: Barbados Blackbelly-Saint Croix, Damara-Brazilian Dorper, Hampshire-Brazilian Hampshire-Suffolk, and Morada Nova-Brazilian Fat-tail. In terms of using the merged data in a Bayesian and principal component analysis, it was possible to assess genetic variability between the 2 countries. When K was set to 7, breeds within country tended to be placed in clusters based on function. Within the United States, these groups consisted of hair, fine wooled, long wooled, and meat breeds. In addition to the previously discussed associations between US and Brazilian breeds, multibreed Brazilian clusters consisted of Santa Ines, Bergamasca, Morada Nova, and Brazilian Fat-tail. The Damara, Brazilian Dorper, and Brazilian Somali were in separate clusters. It was noted that the Ile de France a composite of Leicester Longwool and Merino (Porter and Mason 2002) was admixed with cluster Table 2 ).
assignments corresponding to the Leicester Longwool and the Rambouillet. The evaluation of breeds when K 5 12, which the approach of Evanno et al. (2005) indicated was an appropriate number of clusters for this set of breeds and yielded a number of insights about the breeds and their relationship to one another. Among the Brazilian breeds, the Bergamasca, Brazilian Fat-tail-Morada Nova, Brazilian Somali, Ile de France, and Damara-Brazilian Dorper formed unique clusters. Although the Santa Ines was placed in a separate cluster and shown to have a substantial amount of admixture (in part due to its formation with Bergamasca and Brazilian Fat-tail). The Brazilian Fat-tail and Morada Nova were also shown to have a substantial proportion of their genetic composition in the Santa Ines cluster. Across countries, both Hampshire populations were placed in the same cluster corroborating the previous K values and recent importations.
The association among the hair breeds of the 2 countries is of interest due to a growing attention in the production of sheep with little or no wool. Using principal component analysis (Figure 2) showed the hair breeds widely dispersed across the 3 dimensions. The Brazilian Dorper and Brazilian Somali were placed at the extreme corners of the first and second principal components, whereas the Barbados Blackbelly and Morada Nova were placed at the extremes of the third principal component. Breeds placed in closest proximity to one another were the Barbados Blackbelly-Brazilian Fat-tail and the Santa Ines-Morada Nova. The relatively close association between the Barbados Blackbelly and the Brazilian Fat-tail is the first close association seen with the Barbados Blackbelly. However, the origin of the Brazilian Fat-tail is not clearly known. Muigai et al. (2002) reported the Barbados Blackbelly to be more closely associated with Iberian wooled breeds instead of West African hair breeds, thereby rejecting their original hypothesis. The Brazilian and US Dorpers were not closely associated in the STRUCTURE or principal component analyses; in addition, the Brazilian Somali was quite distinct from the 2 Dorper populations. The difference among Dorper populations was also observed by Kijas et al. (2009) , suggesting that distinct subpopulations were exported, or gene frequencies have not been sufficiently fixed within South Africa.
Presently, there is little overlap between Brazilian and US sheep breeds. The distinctness of both countries hair, meat, fine wool, and long wool populations indicate a wide range of genetic variability has been transferred to the WH. These results would suggest that WH sheep breeders have an opportunity to evaluate each other's populations and determine if their respective breeds might benefit from the introgression of genes that would yield significant levels of heterosis for production traits of interest. In addition, these results would suggest that among the WH, these 2 countries have established sheep populations with considerable variability important for conservation.
The present study was the first to apply for livestock the proposed method by Presson et al. (2008) , which was developed for humans. The results appear robust enough to support the merging of microsatellite data for other livestock species. The higher posterior probabilities obtained for most of the markers showed the importance to have common animals (breed Hampshire) genotyped in both analyses (Table 1) . Because of the complexity of electrophoresis and the variability of analytical platforms, the simple comparison based on base-pair size as a matching criterion alone can increase the probability of errors in the merging process. The Bayesian approach appears to enhance the matches between allele frequencies for these 2 data sets and therefore circumvent the issues created by merging based on allele size. It was found that alleles with low frequencies were more difficult to estimate a posterior probability greater than the cutoff level of 0.6. However, this problem will likely remain an issue regardless of the approach used to merge data sets, thus requiring careful evaluation of potential reasons for the alleles to have a low frequency (e.g., genotyping errors). Furthermore, potential exclusion of alleles with very low frequencies may not have a large impact on cross-country evaluations given the results from STRUCTURE when K 5 2.
The robustness of the adapted method was observed when the results obtained with 11 markers (common samples) and 9 markers (without common samples) did not vary significantly. In addition, Presson et al. (2008) suggested a default threshold of 0.425 to discard a marker; however, in this study, the threshold was increased to 0.6 for data sets with common samples, in order to obtain a more conservative evaluation. Freeman et al. (2006) proposed a regression method that a simple presence of a common breed is enough to support necessary information to merge the results between 2 or more data sets. The results of this study were in agreement because the presence of Hampshire breed in both data sets helps the merging process and we had better results (higher posterior probabilities for each locus) when the common samples were used, illustrating the desirability of having common samples whenever possible. However, as the posterior probabilities illustrate, the MicroMerge approach does offer researchers an opportunity to explore combining data sets with no genotyping of common animals/breeds.
In conclusion, it is suggested that the method evaluated can be used to successfully merge livestock data sets. Application of the approach permitted an evaluation of genetic diversity among US and Brazilian sheep breeds. As a result, both national programs are in a better position to assess their national sheep populations and plan in situ and ex situ conservation activities. Based on these results, it was also suggested that the tested approach can be further utilized to make cross-country or region comparisons for livestock populations in general. Such evaluations are timely as many countries and laboratories within countries have expended considerable resources in collecting and genotyping livestock populations via microsatellites markers and have not yet made full use of their investment. Furthermore, as genotyping platforms are converting from microsatellites to SNPs and whole-genome analysis, such evaluations may bring microsatellite analysis to a logical conclusion.
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